A novel, chromosomally located conjugative transposon in Lactococcus lactis, TnS276, was identified and characterized. It encodes the production of and immunity to nisin, a lanthionine-containing peptide with antimicrobial activity, and the capacity to utilize sucrose via a phosphotransferase system. Conjugal transfer of Tn5276 was demonstrated from L. lactis NIZO R5 to different L. lactis strains and a recombination-deficient mutant. The integration of Tn5276 into the plasmid-free strain MG1614 was analyzed by using probes based on the gene for the nisin precursor (nisA) and the gene for sucrose-6-phosphate hydrolase (sacA). The transposon inserted at various locations in the MG1614 chromosome and showed a preference for orientationspecific insertion into a single target site (designated site 1). By using restriction mapping in combination with field inversion gel electrophoresis and DNA cloning of various parts of the element including its left and right ends, a physical map of the 70-kb Tn5276 was constructed, and the nisA and sacA genes were located. The nucleotide sequences of Tn5276 junctions in donor strain NIZO R5 and in site 1 of an MG1614-derived transconjugant were determined and compared with that of site 1 in recipient strain MG1614. The results show that the A+T-rich ends of Tn5276 are flanked by a direct hexanucleotide repeat in both the donor and the transconjugant but that the element does not contain a clear inverted repeat.
that the A+T-rich ends of Tn5276 are flanked by a direct hexanucleotide repeat in both the donor and the transconjugant but that the element does not contain a clear inverted repeat.
Gene transfer in gram-positive bacteria by bacterial mating or conjugation is a natural process that has received increasing attention in recent years (8, 12, 29, 34) . The mechanism of this process is unknown, but, like that in gram-negative bacteria, it requires intimate cell-to-cell contact, is insensitive to nucleases, and does not involve a transducing bacteriophage. Two kinds of conjugative elements in gram-positive bacteria have been described: conjugative transposons and conjugative plasmids. Conjugative transposons, which have only been found in streptococci and enterococci, confer resistance to antibiotics (29, 34) . Some streptococcal transposons, such as Tn916 (8) , can be conjugally transferred to other genera and have become important genetic tools. Conjugative plasmids have been identified in many genera, and most encode antibiotic resistances (29) .
Lactococcus lactis strains that are used in industrial dairy fermentations do not carry transmissable antibiotic resistance genes but can be used as hosts for conjugative transposons and plasmids (12) . In addition, naturally occurring L. lactis strains harbor metabolic plasmids that are often conjugative and are known to contain genes that code for the ability to ferment carbohydrates, production of proteinases, reduced sensitivity to bacteriophages, and production of and resistance to bacteriocins (12) . Some of these plasmids can integrate into the chromosome of recombination-proficient L. lactis, as is the case with a large plasmid that encodes lactose metabolism and bacteriophage insensitivity and shows properties of an episome (47) .
For a long time, it has been assumed that a conjugative L. lactis plasmid encodes the production of nisin, the immunity to nisin, the ability to ferment sucrose via a phosphotransferase system, and an unidentified mechanism conferring reduced sensitivity to isometric bacteriophages (16, 20, 30, * Corresponding author. 36 ). However, physical evidence for the presence of an actual plasmid carrying these functions has never been provided. Recent interest in the biosynthesis of nisin, a 34-residue peptide containing lanthionine and dehydrated amino acids with antimicrobial activity (25) , has resulted in the identification and sequence analysis of identical copies of the nisA gene (27) for the nisin precursor in L. lactis ATCC 11454 (2) and in L. lactis 6F3 (27) . Subsequent hybridization experiments with specific DNA probes indicated the presence of the nisA gene on a large plasmid in L. lactis 6F3 (27) and on the chromosomes of L. lactis Kl (10) and L. lactis ATCC 11454 (48) . Evidence in favor of a chromosomal location of the nisA gene was provided in the analysis of the nisin-producing and sucrose-fermenting transconjugant L. lactis F15876, obtained from a mating between NCFB 894 and MG1614 (9) . In that study a junction fragment of chromosomal DNA and the nisA gene was identified. Further analysis of this junction fragment showed that it contained an additional copy, relative to the number in the recipient strain, of the insertion sequence IS904, which is located upstream of the nisA gene (9) . Part of the conflicting results on the genetic location of the nisA gene may be attributed to insensitive techniques or strain differences. As a consequence, no conclusive evidence exists with respect to the nature of the mobile genetic element that encodes nisin production and sucrose fermentation. It could be a conjugative plasmid, a conjugative episome, or a conjugative transposon. We characterized this mobile element in the starter strain L. lactis NIZO R5 and in nisin-producing and sucrose-utilizing L. lactis transconjugants. In this report we provide genetic and physical evidence for the existence of a novel, 70-kb conjugative transposon, designated TnS276, that codes for nisin biosynthesis and sucrose fermentation and is capable of orientation-specific insertion at a preferential site in the L. lactis chromosome and also insertion into secondary sites. (A preliminary account of part of this work was presented previously [40] .)
MATERIALS AND METHODS
Bacterial strains, bacteriophages, and plasmids. The lactococcal strains used in this study are listed in Table 1 . The following L. lactis phages were used: 4R5 (Netherlands Institute for Dairy Research collection), which is specific for strain NIZO R5, and the prolate phage +763 (obtained from the National Collection of Dairy Organisms), which is specific for strains MG1614 and MMS36S. Escherichia coli MC1061 (6), TG1 (19) , and MB406 (obtained from Pharmacia LKB Biotechnology AB, Uppsala, Sweden) were used as hosts for the pACYC184 derivative pNZ84 (52), M13mpl8 and M13mpl9 (57) , and bacteriophage XEMBL3 (13), respectively.
Growth and culture conditions. E. coli strains were grown in L broth-based medium as described previously (44) . L. lactis strains were routinely grown at 30°C in M17 broth (Difco Laboratories, Detroit, Mich.) containing 0.5% glucose, lactose, or sucrose. For nisin production and immunity assays, cells were grown in 10% reconstituted skimmed milk containing 1% glucose and 0.05% Casamino Acids. The ability to ferment sugars was tested on indicator agar based on Elliker broth (11) containing 0.004% bromocresol purple and 0.5% of the suitable sugar. When appropriate, media were supplemented with antibiotics in the following amounts: ampicillin, 50 ,ug/ml; rifampin, 100 ,ug/ml in liquid medium or 50 ,ug/ml in plates; streptomycin, 200 ,ug/ml; spectinomycin, 100 ,ug/ml.
Conjugal matings. Conjugal matings were carried out on milk agar plates as described previously (46) Design, construction, and use of DNA probes. The following DNA probes ( Fig. 1) were used in the characterization of the TnS276 transposition process.
(i) Nisin production (nisA probe). The nisA gene and flanking sequences were isolated from strain NIZO R5 before the publication of the nisA gene sequence from strain ATCC 11454 (2) in the following way. A library of NIZO R5 DNA, partially digested with Sau3A, was prepared in XEMBL3 by using a Packagene Lambda DNA packaging system (Pharmacia LKB) and then screened by using an oligonucleotide with the sequence 5'-ATGGGTTGTAATA TGAAAAC (nisA probe). Bacteriophage XNZ700 was found to carry a 20-kb insert that hybridized to the nisA probe. A 1.7-kb Sau3A fragment from this insert was subcloned into M13mpl8-M13mpl9 and found to contain an iso-IS904 element (38) and a nisA gene with a sequence identical to the published sequences of nisA genes of other strains (2, 9, 27) . sequence (5'-ATGGGTTGTAACATGAAAAC). However, at a temperature of 45°C the nisA probe appeared to hybridize specifically to nisA-containing sequences.
(ii) Sucrose fermentation (sacA probe). The sucrose-6-phosphate hydrolase (sacA) gene of strain NIZO R5, encoding a key enzyme in the sucrose phosphotransferase pathway, was cloned and sequenced (41) . An oligonucleotide with the sequence 5'-GATCTCGTCCACTTl7l-G (sacA probe) was deduced on the basis of the sacA gene sequence and used in hybridizations at a temperature of 46°C.
(iii) IS904 element (IS904 probe). An insertion sequence was found upstream from the NIZO R5 nisA gene (38) that was almost identical in sequence and location to IS904 in strain F15876 (9) . An oligonucleotide with the sequence 5'-AGCCGTGAATATCGAC (IS904 probe) was based on the nucleotide sequence of this iso-IS904 insertion sequence (positions 784 through 799 [38] ) and used at a hybridization temperature of 46°C.
(iv) Insertion site 1 (site 1 probe). The 3.2-kb HindIII insert of mpNZ773/1 (see below) was used as a probe for the preferred site of insertion (designated site 1) of Tn5276 in the chromosome of strain MG1614.
(v) Left and right junctions (L and R probes, respectively). As probes for the left and right junctions of Tn5276 in transconjugant T165.1 (Fig. 1) , oligonucleotides with the sequences 5'-GTATGAACTAGGGCTG (L probe) and 5'-AAACTGGCAAATCATGG (R probe) were used at hybridization temperatures of 46 and 52°C, respectively. These oligonucleotides were based on the nucleotide sequence of MG1614 site 1 (147 nucleotides left and 85 nucleotides right of the site of integration, respectively).
All oligonucleotide probes were end labeled, and the DNA fragment probes were labeled by nick translation with y-32P-and a-32P-labeled ATP as described previously (44) . Oligonucleotides were synthesized on a Cyclone DNA synthesizer (MilliGen Biosearch Division, San Rafael, Calif.).
Identification and cloning of insertion site 1 and Tn5276 junctions. (i) Left junction in NIZO R5. A 1.4-kb EcoRVHindIII fragment of XNZ700 that hybridized with the IS904 probe was isolated and cloned into M13mpl9 digested with HincII and HindIII, resulting in mpNZ770/1. The insert containing the left junction of Tn5276 in NIZO R5 was then subcloned into M13mpl8, resulting in mpNZ770/2.
(ii) Left junction in T165.1. A 4.5-kb EcoRV-SacI fragment of T165.1 DNA that hybridized to the nisA probe was cloned into M13mpl8 digested with HincII and Sacl, resulting in mpNZ771 (Fig. 1) . Then a 3.0-kb ScaI-SacI subfragment containing the Tn5276 left border (Fig. 1) was cloned into M13mpl8 and M13mpl9, resulting in mpNZ772/1 and mpNZ772/2, respectively.
(iii) Insertion site 1 from MG1614. A 3.2-kb HindIII fragment of MG1614 DNA containing integration site 1 was cloned in HindIII-linearized M13mpl8, resulting in the constructs mpNZ773/1 and mpNZ773/2, with different insert orientations (Fig. 1 ). This HindIII fragment was identified by hybridization to the 1.5-kb EcoRV-ScaI fragment of the mpNZ771/1 insert, containing only MG1614 DNA.
(iv) Right junction in T165. Fig. 1 ) that matched the sequence of the right end of TnS276. This 1.0-kb EcoRI fragment was cloned into EcoRI-linearized M13mpl8 and M13mpl9, resulting in mpNZ775/1 and mpNZ775/2, respectively. DNA sequencing. The nucleotide sequences of DNA fragments cloned in M13mpl8 and M13mpl9 were determined from both strands by the dideoxy-chain termination method (45) adapted for Sequenase version 2.0 (U.S. Biochemical Corp., Cleveland, Ohio) with either the M13 universal primer or synthesized primers. In pNZ773, the nucleotide sequences of both strands were determined by using a double-stranded DNA sequencing method (21) adapted for Sequenase version 2.0 and synthesized primers. The sequence data were assembled and analyzed using the PC/ Gene program version 5.01 (Genofit, Geneva, Switzerland).
Determination of nisin production and immunity. Nisin production by L. lactis strains was determined by using an agar-diffusion bioassay with Micrococcus flavus DSM1719 (50) . Nisin immunity was determined by following the growth of L. lactis strains in milk containing 0.5% glucose, 0.1% yeast extract, and various amounts of commercial nisin (Koch-Light Ltd., Haverhill, Suffolk, England).
Nucleotide sequence accession numbers. The nucleotide sequences of the left and right junctions of TnS276 in L. lactis T165.1 will appear in the EMBL and GenBank nucleotide sequence data bases under accession numbers M84769 and M84770, respectively.
RESULTS
Transfer of the conjugative nisin-sucrose element of NIZO R5. The capacity to ferment sucrose could be transferred in DNase-insensitive matings of L. lactis NIZO R5 and the plasmid-free and prophage-free strain L. lactis MG1614 (15) with frequencies that varied from 10' (20-h matings) to (4-h matings) CFU per CFU of donor. Transconjugants obtained from different matings produced nisin, showed immunity to nisin, and were sensitive to recipient-specific phage +763 and resistant to donor-specific phage 4R5. In addition, transconjugants were able to transfer the ability to ferment sucrose and produce nisin with similar frequencies to the differently marked recipient strain MG1390 (17) (data not shown).
Transfer of the capacity to ferment sucrose was also studied in matings of NIZO R5 and a streptomycin-resistant derivative (MMS36S) of the recombination-deficient strain L. lactis MMS36, which is unable to mediate homologous recombination (more than 104 reduction of chromosomal transduction [1] ). Sucrose-proficient and nisin-producing MMS36S transconjugants, which all showed high sensitivity to mitomycin C (42), were obtained with a frequency of transfer (3 x 10' CFU per donor CFU) that was only 100-fold lower than the transfer frequency to MG1614 in a simultaneous experiment. Since rec-independent gene transfer is known to be reduced similarly in strain MMS36 (1), these data indicate that transfer of the conjugative sucrosenisin element is independent of homologous recombination.
The nisin-sucrose element is a conjugative transposon, TnS276. The fates of the nis and sac genes for nisin biosynthesis and the sucrose phosphotransferase system, respectively, were followed in matings of NIZO R5 ing. Hybridization analysis (Fig. 2) indicated that both nisAand sacA-specific sequences were present in the DNA of the transconjugants but not in the recipient MG1614. These results also showed that several transconjugants (5 out of 12 tested) had acquired two or three copies of both nisA and sacA. This was evident from the additional bands obtained with the nisA probe ( Fig. 2A) and the intensity of the hybridizing bands obtained with the sacA probe (Fig. 2B) . The analysis was repeated with transconjugants obtained from independent matings of strains NIZO R5 and MG1614, and similar hybridization patterns were obtained (data not shown). The presence of an identical number of copies of nisA and sacA in all transconjugants demonstrates that nisin production and sucrose fermentation are linked at the gene level.
Since the transconjugants with multiple copies of the nisin-sucrose element contain EcoRI fragments of a different size that hybridize to the nisA probe, the nisA gene must be close to one border of the element. This border has been designated the left border (Fig. 1) . Since five different EcoRI fragments hybridized to the nisA probe in the transconjugants ( Fig. 2A) , the nisin-sucrose element is able to insert into at least five sites in the MG1614 genome. These results and the observation that nisin-sucrose transfer is nuclease insensitive and independent on homologous recombination (see above) led us to conclude that the nisin-sucrose element of NIZO R5 is a conjugative transposon (8) that has been designated Tn5276 ( Fig. 1 ; registered with the Plasmid Reference Centre Registry [32] ).
Orientation-specific insertion of Tn5276 into a preferred site (site 1) in the MG1614 chromosome. All MG1614-derived transconjugants containing a single or multiple copies of the nisin-sucrose element share the 9.5-kb EcoRI fragment that hybridizes to the nisA probe ( Fig. 2A) (Fig 3A lanes 1 and 2) , indicating that TnS276 is present as an integral part of the chromosomal DNA in this donor strain.
The 12-kb EagI fragment and the 200-kb SmaI fragment of MG1614 are increased to 80 and 270 kb, respectively, after a single integration of Tn5276 as in T165.5 (Fig. 3) . Since T165.5 can conjugally transfer Tn5276 in a second mating to MG1390 (17; data not shown), it is very likely that it contains a complete copy of the transposon. Therefore, Tn5276 has a size of approximately 70 kb.
In the digests of the DNA from transconjugant T165.6, containing two Tn5276 copies, the hybridizing EagI and SmaI fragments are another 70 kb larger, confirming the estimated element size. The hybridizing EagI fragment in the MG1614 DNA is only 12 kb in size, so both TnS276 copies have inserted in close proximity to each other in the chromosome of transconjugant T165.6.
Physical and genetic map of TnS276. A physical map of Tn5276 and its flanking regions after insertion into site 1 of MG1614 was constructed (Fig. 1) based on hybridizations of site 1-and element-specific probes to restriction fragments separated by normal gel electrophoresis or FIGE (mediumor high-range separations) and subcloning and mapping of the left and right ends of the element. By using the restriction sites deduced from their nucleotide sequences, the orientation and location of the nisA gene, the iso-IS904 element (38) , and the sacA gene (41) could be determined (Fig. 1) . By using the IS904 probe, it was found that TnS276 in TS165.5 contains only a single copy of iso-IS904. Also, in other MG1614 transconjugants the number of additional IS904 copies was equal to that of Tn5276 (data not shown). The MG1614 chromosome contains at least seven copies of elements hybridizing to the IS904 probe (not shown), but there is no copy of IS904 in the 12-kb EagI fragment that contains the hot spot site 1 and at least one secondary site (Fig. 3) .
Cloning and sequence analysis of the junction regions of Tn5276 in the donor and the transconjugant. The left and right junction regions of Tn5276 inserted into site 1 of MG1614 (in transconjugant T165.1) were cloned, and the nucleotide sequences of relevant parts of the resulting constructs, mpNZ771 and pNZ774 (Fig. 1) , were determined. The results (Fig. 4A) show that Tn5276 contains A+T-rich termini (76% A+T in the first 50 bp) without obvious inverted repeats. There is a perfect 11-bp repeat in the right end of Tn5276. There is a similar but less perfect repeat in the left end. The results also show that the left terminus is separated from the left end of the iso-IS904 copy by a region of 249 bp, the sequence of which differs considerably from that preceding the IS904 copy in FI5876 (9) (Fig. 4) . This excludes the possible involvement of the iso-IS904 copy in the transposition of TnS276.
The nucleotide sequences of the Tn5276 junctions in site 1 of transconjugant T165.1 were compared with those in strain NIZO R5 and with the sequence of site 1 from strain MG1614 (Fig. 4B) mode of transfer of the element from NIZO R5 appears analogous to that of nisin-sucrose elements in other L. lactis strains that are also insensitive to DNase (20) , do not involve a transducing phage (20) , and are not dependent on the host-mediated homologous recombination system (46) . We show here that the nisin-sucrose element from L. lactis NIZO R5 is a 70-kb transposon, designated TnS276, that conforms to the definition of a conjugative transposon; i.e., a specific DNA segment that can repeatedly insert into a few or many sites in a genome, encodes additional functions unrelated to insertion function, and has the capacity to promote its own transfer in the absence of any plasmid or bacteriophage (4, 8) . A nisin-sucrose element, Tn5301, showing characteristics similar to those of TnS276 has recently been described in L. lactis FI5876 (9) after submission of this manuscript.
The novel conjugative transposon TnS276 is chromosomally located in both the donor NIZO R5 and its transconjugants. A physical map of the 70-kb TnS276 was constructed, and the genes for nisin biosynthesis and sucrose utilization via a phosphotransferase system were located (Fig. 1) . Insertion of Tn5276 into at least five different chromosomal sites was found (Fig. 2) , but there appears to be a preferential site for orientation-specific insertion of TnS276 into the chromosome of MG1614. A similar preference of TnS276 to insert in an orientation-specific way into a hot spot was found in at least one other, unrelated L. lactis strain (42) . Preferential strain-dependent integration at specific sites has also been found for other transposons. Tn554 has a strong preference for orientation-specific insertion at a single site in the Staphylococcus aureus chromosome (designated attTn554 [28] Fig. 4B ).
In various cases multiple (up to three) copies of Tn5276 were inserted into the chromosome of colony-purified MG1614 transconjugants (Fig. 2 and 3) . The presence of more than one transposon copy in the recipient genome was also reported after conjugal transfer of Tn916 (8, 18) and for Tn1545 (56 (53, 54) , and Streptococcus pyogenes Tn3701, which is larger than 50 kb (31) . The large size of Tn5276 is compatible with the variety of functions it should encode; i.e., transposition, conjugal transfer, nisin biosynthesis (including posttranslational modification of the precursor), nisin immunity, sucrose fermentation via a phosphotransferase system, and reduced phage sensitivity. It was reported (10) that the production of N5-(carboxyethyl)ornithine synthase is also encoded by the nisin-sucrose element. However, several known nisin-producing L. lactis strains were found to produce no N5-(carboxyethy)ornithine synthase (49), indicating that not all nisin-sucrose transposons encode production of this enzyme. Heterogeneity within the group of nisin-sucrose transposons was recently shown by analyzing the architecture of nisin-sucrose elements of several wild-type L. lactis strains that differed from TnS276 in the number and orientation of iso-IS904 copies (39) .
The cloning and sequence analysis of the junction fragments of Tn5276 in the donor and recipients ( Fig. 1 and 4) allows for its comparison with other known conjugative transposons that have been analyzed in detail, i.e., Tn916 (7) and TnlS45 (3). Similar to the ends of those transposons, the ends of TnS276 are highly A+T rich and contain some direct repeats, one of which (in donor NIZO RS) spans the junction regions, as also has been found for some Tn9O6 insertions (7) . However, in contrast to the termini of Tn916 and Tn1545, which contain homologous, imperfect inverted repeats, the termini of TnS276 are asymmetric and do not show significant inverted repeats. The absence of inverted repeats is unusual among mobile DNA elements but has also been found in Tn554 (35) . Moreover, Tn5276 is flanked by a direct repeat of the hexanucleotide TTlTllllG in both the donor and the transconjugants. No such repeats flank Tn916 or Tn1545, which are known to generate 6-or 7-bp nonidentical coupling sequences as a consequence of their unique excision-insertion mechanism (5, 51) . The present sequence data do not allow us to conclude whether one (and, if so, which) of the T1IT l ll G copies is part of Tn5276 or whether a target site duplication has been generated upon the transposition process. However, by analyzing a circular intermediate of Tn5276, we very recently found that one of the TIlTYllI'G sequences is part of Tn5276 and not a target repeat (42) . Further studies that are presently being performed focus on the mechanism of Tn5276 excision and insertion and the genes involved in this process.
